Behavioral homology is often assumed to involve similarity in underlying neuronal mechanisms. Here, we provide a counterexample where homologous behaviors are produced by neurons with different synaptic connectivity. The nudibranch molluscs Melibe leonina and Dendronotus iris exhibit homologous swimming behaviors, consisting of alternating left and right body flexions. The swim central pattern generators (CPGs) in both species are composed of bilaterally symmetric interneurons, which are individually identified and reciprocally inhibit their contralateral counterparts, contributing to left-right burst alternation in the swim motor patterns. In Melibe, the swim CPG contains two parts that interact to produce stable rhythmic bursting; one part is the primary halfcenter kernel, and the other part, which consists of a bilateral pair of neurons called Si3, regulates period length. The Dendronotus swim CPG is simpler, with Si3 being part of the primary half-center oscillator. Application of curare (d-tubocurarine) selectively blocked the Si3 synapses in both species. In Melibe, curare application caused the burst duration of the swim motor pattern to lengthen, whereas in Dendronotus, curare halted bursting altogether. In both species, replacing the curare-blocked Si3 synapses with artificial synapses using dynamic clamp restored the original rhythmic bursting, thereby affirming the roles of those synapses. The curare-impaired bursting in Dendronotus was also restored by rewiring the homologous neurons into a Melibe-like primary halfcenter oscillator configuration, indicating that the connectivity itself could account for species differences in circuit responses to curare. The results suggest that synaptic connectivity diverged during evolution while behavior was conserved.
INTRODUCTION
Behaviors that are homologous and similar in form would naturally be assumed to be produced by similar neural mechanisms.
This assumption has been challenged by several authors who proposed that neural mechanism and behavior represent distinct levels of biological hierarchical organization and could therefore undergo separate evolutionary trajectories [1] [2] [3] [4] . This implies that homologous behaviors may be produced by divergent neural mechanisms. However, there are few, if any, examples in the literature demonstrating such hidden divergence in neural mechanism underlying homologous behaviors in different species. In this study, we demonstrate that motor patterns underlying homologous swimming behaviors are produced by distinct circuit configurations of neurons in two sea slug species. Furthermore, we show that the circuit in one species can be rewired into the configuration of the other to produce a similar activity pattern.
Melibe leonina and Dendronotus iris (Mollusca, Gastropoda, Nudibranchia) both swim by flattening their bodies in the sagittal plane and repeatedly flexing from side to side for a period of about 2-3 s [5, 6] . This left-right (LR) swimming behavior is exhibited by species in every genus in the clade that includes Melibe and Dendronotus ( Figure 1A , bracket) [7, 8] . Furthermore, many species belonging to the genera of Melibe and Dendronotus exhibit LR swimming (Table S1 ). Although, some species of Melibe and Dendronotus have not been observed to swim, the lack of information on these rarely sighted species does not necessarily indicate an absence of the behavior. The predominance of LR swimming within this clade indicates that the most recent common ancestor also produced LR swimming and that LR swimming is therefore homologous among the members of the clade.
In addition to the behaviors being homologous, individual identified neurons also have been found to be homologous across nudibranchs [6, 13, 14] . Neurons are individually identified in animals within a species based on a set of neuroanatomical criteria, and those criteria are applied across species to determine whether the neurons are homologous [15] . The central pattern generator (CPG) circuits underlying the swimming behaviors in Melibe and Dendronotus contain homologous identified neurons [6, 11, 12] . However, the synaptic connectivity of the swim CPGs differs.
In Melibe, the swim CPG consists of just four bilaterally symmetric swim interneurons (Si1-4), each of which reciprocally inhibits its contralateral counterpart ( Figure 1B , Si4 is not shown for simplicity), contributing to LR burst alternation ( Figure 1C ; see Movie S1) [11] . The ipsilateral Si1, Si2, and contralateral Si4 are electrically coupled and form the primary half-center kernel, with the two halves firing bursts in alternation. Si3 forms inhibitory synapses onto the contralateral Si1 and Si2 ( Figure 1B) and fires after the contralateral Si1/Si2 group ( Figure 1C ). Si3 is activated by a slow excitatory synapse from the contralateral Si2 [11] . Thus, feedforward excitation from Si2 to the contralateral Si3 leads to the delay in the onset of Si3 firing. Si3 then feeds back inhibition to Si1/Si2 and terminates the burst, allowing the other Si1 and Si2 to fire a burst [11] . Si4, which bursts in phase with the contralateral Si1/Si2, contributes to terminating contralateral Si3 bursts [11] .
The Dendronotus swim CPG is simpler than that of Melibe; it is composed of only two pairs of reciprocally inhibitory neurons, This suggests that their most recent common ancestor (black dot) shared this behavior, and thus the behavior is homologous. Tree is based on [7] [8] [9] [10] . NS indicates a non-swimmer. (B) A schematic diagram of the Melibe swim CPG, which consists of Swim interneurons (Si1, Si2, and Si3) in left (L) and right (R) sides of the brain as indicated by numbered circles. Si4 is omitted for simplicity. Each neuron forms reciprocal inhibitory synapses with its contralateral counterpart. Si2 makes a slow excitatory synapse onto the contralateral Si3, which returns inhibitory synapses onto the contralateral Si1 and Si2. Based on Sakurai et al. [11] . (C) The swim motor pattern recorded intracellularly from six swim interneurons. The gray shading indicates the duration of a right Si3 burst. All neurons burst in LR alternation. The Si3 bursts are phase-delayed from the contralateral Si1 and Si2 bursts. The maximal membrane potentials during the swim motor pattern for Si1, Si2, and Si3 were À58.3 ± 4.7 (n = 22), À59.5 ± 4.9 (n = 16), and À53.3 ± 4.4 (n = 20) mV, respectively (mean ± SD). (D) The Dendronotus swim interneurons form a circuit that is distinct from that of Melibe. The Si1 pair does not have reciprocally inhibitory synapses but is electrically connected and with the Si2 pair [6] . Si2 and Si3 form reciprocal inhibition with their contralateral counterparts. Si3 makes an excitatory synapse onto the contralateral Si2; they are also electrically coupled. Based on Sakurai et al. [6] and Sakurai and Katz [12] . (E) The Dendronotus Si1 fires irregularly, not in bursts; only Si2 and Si3 exhibit alternating bursts. The gray shading indicates the duration of a left Si2 burst. The Si3 bursts lead Si2 bursts by a few spikes. The gray shading indicates the duration of a right Si3 burst. The maximal membrane potentials during the swim motor pattern for Si1, Si2, and Si3 were À39.8 ± 6.3 (n = 17), À50.4 ± 5.3 (n = 26), and À44.4 ± 3.7 (n = 10) mV, respectively (mean ± SD). In (B) and (D), lines terminating in filled circles indicate inhibitory synapses. Triangles indicate excitatory synapses; the long triangles indicate slow excitatory synapses (Si2-to-Si3 in Melibe), whereas the short triangles fast excitatory synapses (Si3-to-Si2 in Dendronotus). Resistor symbols indicate electrical connections. The thickness of the resistor line indicates the strength of connection [6, 11, 12] . Open circuits in (B) and (D) and boxes in (C) and (E) indicate neurons located in the left half of the brain; filled circuits and boxes indicate neurons in the right half of the brain. See also Table S1 and Movies S1 and S2. left and right Si2 and Si3 ( Figure 1D ). In Dendronotus, Si1 does not have reciprocal inhibition across the midline. Instead, Si1 is electrically coupled to its contralateral counterpart and bilaterally with Si2 [6] . Si1 is not rhythmically active but fires irregularly throughout the swim motor pattern ( Figure 1E [6] ; see Movie S2). Unlike in Melibe, Si3 makes an excitatory synapse onto the contralateral Si2 to which it is also electrically connected [12] . As a result, Si3 fires nearly synchronously with the contralateral Si2 instead of being delayed ( Figure 1E ). Unlike in Melibe, Si3 is responsible for initiating bursts in the contralateral Si2, not terminating them. The electrical coupling between Si2 and Si3 creates a positive feedback loop that maintains excitation until the other Si2/Si3 pair either is released or escapes from inhibition [12] .
Here, we probe the circuit further and demonstrate that the species difference in synaptic connectivity leads to distinct neural mechanisms that produce homologous LR swimming behaviors. Furthermore, we demonstrate that Dendronotus neurons can also produce rhythmic bursting activity when they are artificially rewired to have the configuration of Melibe primary half-center kernel. This suggests that, although the neural mechanisms for swimming diverged over the course evolution, intermediate forms of the circuit might still have been functional.
RESULTS

Si3 Synapses Are Curare Sensitive in Both Species
Curare selectively blocked all Si3 chemical synapses in both species. In Melibe, spiking in Si3 produced one-for-one, constant-latency inhibitory postsynaptic potentials (IPSPs) in the contralateral Si1, Si2, and Si3 (Figure 2Ai ). In Dendronotus, spikes in Si3 produced one-for-one, constant-latency excitatory postsynaptic potentials (EPSPs) in the contralateral Si2 and IPSPs in the contralateral Si3 (Figure 2Bi ). In both species, bath application of curare reduced the amplitudes of the postsynaptic potentials in a dose-dependent manner ( 
. Curare Blocks Si3 Synapses in Both Species
The schematics show the Si3 synaptic connections onto the neurons in (A) and (B). See also Figure S1 and Data S1. (A) Action potentials evoked in Si3 produced discrete, one-for-one IPSPs with a constant latency in the contralateral Si1, Si2, and Si3 (i). The latencies to the IPSPs in Si1, Si2, and Si3 were 15, 21, and 11 ms. The IPSPs decreased in amplitude with increasing doses of curare (ii-iv). Simultaneous recordings from four neurons were made in the presence of Hi-Di saline. A small amount of constant current (<0.5 nA) was injected into L-Si3 via bridge-balanced electrode to induce action potentials. Five to six traces were overlaid. In this example, the Si3-evoked IPSPs appeared as monophasic hyperpolarizing responses. However, in 56% preparations (n = 10 of 18), the Si3-evoked IPSPs in Si2 were biphasic with initial depolarization and subsequent hyperpolarization [11] . In such cases, 10 À4 M curare blocked both synaptic components in all preparations examined. Traces were triggered at the peak of action potentials. The dotted lines indicate À54 mV (R-Si1), À50 mV (R-Si2), and À50 mV (R-Si3). exception is a small depolarizing potential in the Dendronotus contralateral Si2 that is likely due the electrical coupling between Si3 and Si2 [12] . Curare had no effect on any of the other CPG synapses in either species ( Figure S1 ). The excitatory and inhibitory synaptic responses had different sensitivities to curare. The Si3-to-Si2 EPSPs in Dendronotus were greatly reduced in amplitude in response to 10 À6 M curare (Figure 2Bii ). However, this concentration caused only a small change in the Si3-to-Si3 IPSPs, which were recorded simultaneously in the same animal (Figure 2Bii ). In Melibe, the Si3-evoked IPSPs showed a similar insensitivity to 10 À6 M curare (Figure 2Aii ). The EC 50 for the IPSPs was about ten times higher than for the EPSPs ( Figure 2C ).
Blocking Si3 Synapses in Melibe Slows the Swim Motor Pattern
In Melibe, removal of Si3 synapses with curare significantly extended the burst duration and decreased the cycle frequency ( Figures 3A and 3B ). Curare also caused the burst period to fluctuate; the coefficient of variation (CoV) of the burst period increased significantly ( Figure 3C ). Nevertheless, the LR alternation of bursts persisted in the presence of curare ( Figure 3A) , and the intraburst spiking of Si1, Si2, and Si3 was not affected ( Figure 3D ). Long burst period with extended burst duration, as observed during curare application, could also be produced by suppressing Si3 firing using bilateral hyperpolarizing current injection ( Figure 3E ). In contrast, the Si3 pair alone cannot produce rhythmic bursts without the excitatory drive from the primary kernel; bilateral hyperpolarization of the Si1/Si2 pair caused both Si3s to fire tonically with intermittent halts (Figure 3F ). These results support our previous conclusion that the Melibe swim CPG consists of two-interconnected parts [11] . The primary half-center kernel of Si1, Si2, and Si4 is capable of oscillating without the Si3 pair. In contrast, the Si3 pair cannot operate as a half-center oscillator despite its reciprocal inhibition. The results also support the hypothesis that the Si3 synaptic inhibition regulates the burst duration by acting as inhibitory feedback to terminate each Si1/2 burst through strong inhibitory synapses without affecting their intraburst spiking [11] .
Restoration of the Melibe Swim Motor Pattern Using Artificial Si3 Synapses
To test the role of Si3 synapses in the generation of the Melibe swim motor pattern, artificial synaptic connections were created using the dynamic-clamp technique [16] [17] [18] to replace the Si3-to-Si1 inhibition that was blocked by curare ( Figures 4A and  S2A ). Although curare blocks all synapses from Si3 and potentially other curare-sensitive synapses from other neurons, this experimental manipulation replaces just the specific synapses from Si3 to Si1, allowing us to be confident of the role played by this particular connection.
While the dynamic clamp was engaged, the bursts in Si1 became shorter again and the rhythm accelerated ( Figure 4A ). Similar results were obtained when Si3-to-Si2 synapses were artificially replaced (n = 3, data not shown). Increasing the conductance of the artificial synapses shortened burst period (increased the burst frequency, Figure 4B ). The maximal recovery of the burst frequency varied among preparations ranging from 41% to 77% of the original burst frequency. In the presence of curare, restoration of only the Si3-Si3 connection had no noticeable effect on bursting activity (n = 5; Figure S3A ). Restoration of the Si3 synapses onto either Si1 or Si2 also regularized the burst period, causing the CoV of the burst period to drop ( Figure 4C ). However, dynamic clamping caused no significant change in the intraburst spike frequency of Si1 or Si2 ( Figure 4D ). These results indicate that the inhibitory synapses from Si3 to Si1/2 play a crucial role in sustaining the burst frequency and the stability of the motor pattern but have no role in providing the excitatory drive onto Si1/2.
Blocking Si3 Synapses in Dendronotus Halts the Swim Motor Pattern
Curare had a different effect on the swim motor pattern in Dendronotus compared to Melibe; instead of extending the bursts, it stopped them altogether ( Figures 5A and 5B). Unlike in Melibe, spike frequency declined significantly in both Si2 and Si3 in the presence of curare ( Figure 5C ). The curare-induced blockade of the swim motor pattern could be replicated by suppressing spiking in both Si3s with hyperpolarizing current injection (Figure 5D ). This demonstrates that the CPG requires the excitatory synaptic drive from Si3 to Si2 to produce its rhythmic output and maintain a high level of spiking. Similarly, the Si3 pair alone could not produce rhythmic bursting when spiking in both Si2s was suppressed ( Figure 5E ). The results are consistent with our previous findings that the swim motor pattern was blocked when the Si3-to-Si2 EPSPs were canceled out using inverse dynamicclamp synapses [12] .
Restoration of the Dendronotus Swim Motor Pattern Using Artificial Si3 Synapses
In Dendronotus, the swim motor pattern was restored in the presence of curare by replacing the blocked Si3-to-Si2 synapses with artificial synapses generated by the dynamic clamp (Figure 6A ). Immediately upon introduction of the artificial excitatory synapses, all four neurons exhibited rhythmic bursting until dynamic clamping was turned off. In eight of 12 preparations, the dynamic-clamp replacement of blocked Si3-to-Si2 synapses successfully induced bursting activity. In four preparations, increasing the conductance up to 120 nS failed to induce the swim-like bursting activity. In preparations that exhibited rhythmic bursting, both the burst frequency and the intraburst spike frequency increased with increased artificial synaptic conductance ( Figures 6B and 6C) . During dynamic clamping, more spikes were induced in Si2 because Si3 spikes more reliably drove Si2 ( Figure S2B ). In contrast, replacement of the mutually inhibitory connection between the Si3 pair alone did not induce rhythmic bursting (n = 3; Figure S3B ). These results support the conclusion of our previous study that the excitatory drive from Si3 is necessary for this CPG to generate alternating bursting pattern [12] . between the contralateral neurons. This network connectivity caused Si1 to fire together with ipsilateral Si2 spikes, while the contralateral Si1 was mostly inhibited by the artificial IPSPs (Figure S4 ). Under such conditions, the network produced bursts in LR alternation in all preparations examined (n = 10; Figure 7A ). During dynamic clamp, there were significant increases in the burst frequency ( Figure 7B ) and the intraburst spike frequency ( Figure 7C ). Increasing the conductance of electrical connection above 20 nS did not further increase the burst frequency ( Figure 7B ), but it did increase the intraburst spike frequency ( Figure 7C ). Addition of only the inhibitory synapses induced little regular bursting activity (n = 8, Figure 7E ). In contrast, adding only the electrical connection induced bursting in eight of 13 preparations, but a higher conductance was needed ( Figure 7E ). In preparations that exhibited rhythmic bursting, increasing the conductance of the electrical connection increased the burst frequency and the intraburst spike frequency ( Figures 7F and 7G) . The apparent gradual increase in the burst frequency was likely because the majority of preparations failed to show bursting at lower conductances (20 and 40 nS).
Thus, without the Si3 pair, the Dendronotus Si2 pair can still generate rhythmic bursting when connected to the Si1 pair like the primary half-center kernel of the Melibe swim CPG. The electrical connection between the ipsilateral Si1 and Si2 appeared to have a more crucial role in restoration of the bursting activity. This bursting activity included Si1, which never bursts during normal Dendronotus swim motor programs [6] .
DISCUSSION
Species Differences in Circuit Connectivity
This and previous studies showed that the connectivity of the neural circuits of Melibe and Dendronotus differ substantially from each other despite the presence of homologous neurons and homologous behaviors [6, 11, 12] . We previously posited that Si1 and Si2 are homologous in the two species because of their neuroanatomical and neurochemical features [6] . Si3 is also likely to be homologous in both species because it has a similar neuroanatomy and all of its synaptic actions are blocked by curare, suggesting that it may be cholinergic in both species (see below). In contrast, curare did not block the synapses of the other CPG neurons.
Just as with Si1, there are substantial species differences in the synaptic connections made by Si3. In particular, in Dendronotus, Si3 evokes a very large EPSP in the contralateral Si2 that is missing or extremely reduced in Melibe. The Melibe swim CPG, on the other hand, contains more contralateral inhibition than does the Dendronotus swim CPG. These results suggest that synaptic connections might be more phylogenetically labile than the neurotransmitter phenotype of a neuron.
Species differences in specific synaptic connectivity among homologous identified neurons have been reported across invertebrate phyla. In flies, there are phylogenetic differences in connectivity and structure of the photoreceptor synapses in retina [19] . In the stomatogastric nervous system of decapod crustaceans, there are differences between crab and spiny lobster in electrical connections among homologous motor neurons; however, the pyloric motor pattern is highly conserved [20, 21] . In leeches, differences in the polarity of synaptic connections among the mechanosensory P cells underlie the difference in behavioral expressions in two species [22] . Differences in synaptic connectivity among homologous neurons have also been reported in two species of nematode with different feeding behaviors [23] .
In vertebrates, there are just a few examples of microcircuitry among specific cell types reported to exhibit species differences. One example is that the organization of inhibitory inputs to Mauthner neurons differs across fish species [24] . The microcircuitry of starburst amacrine cells differs between rabbits and mice to compensate for differences in eye size [25] . The CA3 pyramidal neurons of macaques and rodents also show some differences in projection topography within the hippocampus [26] [27] [28] . Thus, the evolution of microcircuitry could play a role in evolution of behavior.
Excitatory and Inhibitory Putative Cholinergic Synapses
Si3 evokes either fast EPSPs or fast IPSPs, which have different reversal potentials but are both blocked by curare. The EC 50 for curare-sensitive EPSPs and IPSPs differed by a factor of ten regardless of whether comparing within a species (Dendronotus Si3-to-Si2 versus Si3-to-Si3) or between species (Dendronotus Si3-to-Si2 versus Melibe Si3-to-Si1/2), suggesting that they are mediated by different receptors. It was previously shown that curare blocks both EPSPs and IPSPS evoked by cholinergic neurons in Lymnaea [29] . Curare also blocks both excitatory and inhibitory responses of Aplysia neurons to acetylcholine [30] . Furthermore, molecular expression experiments demonstrate that molluscan nicotinic acetylcholine receptors (nAChRs) include subunits that are anion selective as well as others that are cation selective [31, 32] . Therefore, it is possible that the Si3-evoked synaptic potentials in Si2 in Melibe and Dendronotus are both mediated by nAChRs. However, because curare is not a specific antagonist for the nAChRs, but rather a blocker for a class of receptor-activated Na + and Cl -responses [33] , we cannot be certain that Si3 releases the same neurotransmitter in both species. In any case, the difference in the sign of the Si3 synapses is one of the fundamental contrasts in the architecture of the two CPGs. If Si3 is cholinergic in both species, then it suggests a genetic mechanism underlying the species differences in connectivity. We predict that the Si2 homologs differ in their expression of nAChR subunits; in Dendronotus, Si2 should express cation-selective subunits, whereas Si1 and Si2 in Melibe should express anion-selective subunits. Furthermore, Si3 in both species should express anion-selective subunits.
Different Neural Mechanisms for a Similar Motor Behavior
The swimming behaviors of Melibe and Dendronotus are similar in form and are homologous based on phylogeny. Yet, the neural mechanisms that produce these behaviors are distinct. In Melibe, there are two parts of the CPG, the primary half-center kernel, which is made up of Si1, Si2, and Si4 pairs, and the Si3 pair. The two parts form complex synaptic interactions with each other: the excitatory synapses from Si2 onto the contralateral Si3, two types of biphasic synapses from Si1 onto left and right Si3, a slow inhibitory synapse from Si4 onto the contralateral Si3, and inhibitory synapses from Si3 onto the contralateral Si1 and Si2 [11] . With the Si3 synapses blocked by curare, the primary kernel can still generate alternating bursts alone, which also keep driving the Si3 bursts, but the rhythm is slower and more irregular. The Si3 pair alone cannot produce rhythmic bursting by itself; it requires the rhythmic excitatory drive from Si2 [11] . Replacement of the Si3-to-Si1/Si2 synapse with artificial synapses restored the swim motor pattern by increasing the frequency and the stability, suggesting that Si3 regulates the periodicity of the motor pattern.
In Dendronotus, the swim CPG is a simple half-center oscillator composed of Si2 and Si3. The excitatory synapse from Si3 to Si2 is necessary for bursting [12] ; when it is blocked by curare, bursting ceases altogether. Again, the swim motor pattern was recovered by the replacement of Si3-to-Si2 synapses using the dynamic clamp. Previously, we performed a similar experiment in a non-swimming preparation, in which we found that boosting Si3-evoked EPSPs in Si2-induced rhythmic bursting of Si2. Under such conditions, Si3 is pulled into oscillation through the electrical connection [12] . Thus, in Dendronotus, the synaptic drive from Si3 to Si2 plays an essential role in burst generation, whereas, in Melibe, Si3 plays a role in regulating burst frequency by providing inhibitory feedback to the primary kernel, not in generating bursts.
Dendronotus and Melibe differ in the synaptic connectivity of Si1 and Si2 [6] . Only in Melibe do Si1 and Si2 exhibit strong ipsilateral electrical coupling and contralateral reciprocal inhibition. When the Si3 synapses were blocked by curare in Dendronotus, artificial electrical coupling between ipsilateral Si1 and Si2 by the dynamic clamp caused them to burst. This demonstrates that the synaptic connectivity itself, not species-specific properties of the neurons, is responsible for the different network responses in curare. Moreover, the excitatory coupling within each halfcenter had a stronger effect in producing rhythmic bursting than did the redundant reciprocal inhibition. This may give a hint as to why the electrically coupled Si1/2/4 in Melibe can generate alternating bursts in curare, but not Si2 alone in Dendronotus. In a number of systems, electrical connections among inhibitory interneurons contribute to synchronization of activity [34] [35] [36] [37] [38] [39] . Furthermore, modeling studies have pointed to complex roles of electrical coupling in rhythmogenesis [40, 41] . The results may also indicate similar endogenous membrane properties of Si1 and Si2 in two species. The contributions of endogenous membrane properties to the production of robust bursting activity in these CPGs need to be examined further.
The results in the Dendronotus dynamic-clamping experiments also indicate that the artificial electrical coupling between Si1 and Si2 played a similar role as the excitatory synapse from Si3 to Si2 by providing the excitatory drive onto each of the reciprocally inhibitory neurons. This indicates that, regardless of whether it is from the Si3 synapse or the Si1 electrical connection, the tonic excitatory drive onto Si2 is necessary to turn the circuit into a half-center oscillator. In early hypothetical models of halfcenter oscillators, it was proposed that the tonic excitatory drive was required to activate the half-center kernel [42, 43] . In our previous study, we gave the tonic excitatory drive by applying a depolarizing current step of up to 3 nA to both of Si2s, which induced slow bursting about 25% of the normal swim motor pattern burst frequency. In this study, dynamic clamping created the excitatory drive that was incorporated into the oscillator and produced bursting at frequencies as high as the normal swim motor pattern. A similar excitatory drive plays important roles in providing rhythmic excitation to the mutually inhibitory neurons in in vertebrate locomotor networks [44] [45] [46] [47] [48] [49] [50] . Thus, it may be a general rule that rhythmic circuits contain a neural element that provides the excitatory drive from within the circuit.
The species differences in the swim CPGs of Melibe and Dendronotus represent a real-life instantiation of theoretical studies, which propose that there are multiple ways to connect neurons to get similar rhythmic outputs [51, 52] . Other studies have shown that synaptic strength can vary substantially between individuals of the same species, with little effect on the motor output [53] [54] [55] [56] . In the crab stomatogastric ganglion, different neuromodulatory mechanisms in the same animal produce similar motor patterns by involving distinct sets of neurons [57, 58] . This study, however, shows that it is neither the strength of connections that differed between the two CPGs nor recruiting different neurons for a similar function; rather, they employ totally different synaptic strategies, using curare-sensitive synapses in opposite ways, to produce the same behavioral outputs.
Homologous Behaviors Have a Different Neural Basis
In general, swimming is rare among nudibranchs. Of the more than 2,000 species, only about 50 have been observed to swim with LR body flexion [8] . A recent molecular phylogeny revealed that Melibe and Dendronotus belong to a monophyletic clade [7] . All of the genera in this clade have species that swim with LR alternation [8] . This suggests that LR swimming existed in the most recent common ancestor of this clade and therefore is homologous. Thus, the neural mechanisms for this behavior diverged, while the behavior itself was conserved.
One can only speculate about the reasons why neural mechanisms for homologous behaviors might have diverged. Perhaps some of the neurons in one or the other species have taken on additional functions that provide selective pressure to alter the ancestral connectivity. Perhaps there was no selective advantage to either CPG conformation and they both function well enough, permitting the circuitry merely to ''drift'' away from their ancestral state and become stabilized in their current speciestypical configurations. This ''neural drift'' might be analogous to genetic drift wherein mutations accumulate over time hidden from phenotypic change until they are fixed by selection [59] .
The results support the concept that neural mechanism and behavior represent separate levels of the biological hierarchy [1] [2] [3] [4] . This has important implications for extrapolating neural mechanisms by simply comparing behaviors of species that share homologous behaviors; underlying neural mechanisms and microcircuitry can diverge while retaining behavioral function.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
STAR+METHODS KEY RESOURCES TABLE CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Akira Sakurai (akira@gsu.edu)
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Adult specimens of Melibe leonina (see Movie S1) and Dendronotus iris (see Movie S2) (Nudibranchia, Gastropoda, Mollusca; 2-15 cm and 6 to 20 cm in body length, respectively) were collected by Monterey Abalone Company (Monterey, CA), Marinus Scientific, LLC (Long Beach, CA), and Living Elements Ltd (Delta, BC, Canada). These species are obligate hermaphrodites. Animals were kept in artificial seawater tanks at 10 to 12 C with a 12:12 light/dark cycle for up to 2 weeks before use. > 19 Melibe specimens and > 39 Dendronotus specimens were used in this study.
METHOD DETAILS Preparation
For all experiments, the brain, which consists of the fused cerebropleural and pedal ganglia, was isolated. Animals were first anesthetized by injection of 0.33 M MgCl 2 solution into the body cavity. An incision was made in the left body wall near the esophagus. The brain was taken out together with a portion of the esophagus and transferred to a petri dish lined with Sylgard 184 (Dow corning, Midland, MI). Artificial seawater (Instant Ocean, Mentor, OH) was used as normal saline. The brain was superfused with artificial seawater at a rate of 0.5-1.0 mL/min. After pinning the brain in the dish with the dorsal side up, the esophagus was removed, and the pedal ganglia and pedal commissures were positioned anterior to the cerebral ganglia. Connective tissue surrounding the brain was manually removed with forceps and fine scissors while keeping the brain at 4 C to reduce neuronal activity. The temperature was raised to 10 C before starting electrophysiological experiments.
Electrophysiology
Suction electrodes made from polyethylene tubing were placed on Pedal Nerves 3 (PdN3) for stimulation. To test for monosynaptic connectivity and direct electrical coupling between the swim interneurons, high divalent cation (Hi-Di) saline was used to raise the threshold for spiking and reduce spontaneous neural firing [6, [61] [62] [63] [64] . The composition of the Hi-Di saline was (in mM): 285 NaCl, 10 KCl, 25 CaCl 2 , 125 MgCl 2 , 11 D-glucose, and 10 HEPES, pH 7.6. A train of action potentials was evoked in a neuron by injecting a current step (0.5 to 2 nA) through a bridge-balanced electrode.
To distinguish bursting in left-right alternation from irregular spiking, we performed a cross-correlation analysis using Spike2 software (CED, Cambridge, UK) as described previously [12] . A train of Si2 spikes was counted as a burst if the spike interval was less than 0.5 s and the duration of the spike train was more than 0.5 s. The burst frequency was measured by the interval of median spike in each burst of Si1 or Si2 and averaged over 40 s. When bursting in left-right alternation was not detected, then average spike frequency in the duration of > 30 s was used as the intraburst spike frequency.
Curare [(+)-Tubocurarine chloride pentahydrate, Sigma-Aldrich, St. Louis, MO] was dissolved in either artificial seawater or Hi-Di saline just before use to attain the final concentrations (0.1 mM to 100 mM). Curare was bath-applied by switching the superfusion paths (Melibe, n = 16 animals; Dendronotus n = 35 animals). Missing data were due to the loss of intracellular recording from the neurons.
Dynamic clamp
Dynamic-clamp experiments were performed in 6 Melibe specimens and 24 Dendronotus specimens. To perform dynamic-clamp experiments, we used a separate computer equipped with an I/O PCI card (PCI-6229), and two BNC connector blocks (BNC2110; National Instruments, Austin, TX). Dynamic-clamp software StdpC [60] was used to create up to six artificial chemical synapses or electrical coupling simultaneously in four neurons at maximum. To perform dynamic clamping, neurons were impaled with a single electrode under discontinuous current clamp mode or with two microelectrodes, one for membrane potential recording and the other for current injection. The current injected into the postsynaptic neuron, I syn , was calculated in each dynamic-clamp cycle using a first order kinetics model of the release of neurotransmitter [60, 65, 66] :
where S(t) is the instantaneous synaptic activation, g syn is the maximum synaptic conductance, V syn is the reversal potential of the synapse. In Melibe, we previously showed by current clamp recording that the reversal potential of Si3-to-Si3 synapse was relatively close to the resting potential of the postsynaptic neuron whereas that of Si2-to-Si2 synapse was at more hyperpolarized level because we could not reverse the polarity of IPSP by injecting large hyperpolarizing current [11] . We made a few successful recordings of synaptic current by voltage-clamping the swim interneurons in the two species ( Figure S5 ). In Melibe, the Si3-evoked IPSC/Ps recorded in Si3 had a mean reversal potential of À57.6 ± 4.5 mV, ranging from 54.1 to 62.8 mV (n = 3); the Si3-evoked IPSC/Ps in Si1 had mean reversal potentials of À70.7 ± 9.2 mV, ranging from À57.5 to À78.6 mV (n = 4). We could not detect reliable signals for Si2-evoked IPSCs in Si2 when voltage-clamped. Considering the long distance from the Si1 cell body to the pedal ganglion where Si3 dendrites are located, it is likely that the reversal potential of IPSCs in Si1 may contain a large error due to poor space clamp. In Dendronotus, the mean reversal potential of the Si2-evoked IPSC/Ps in Si2 was À73.9 ± 8.1 mV, ranging from À65.0 to À85.3 mV (n = 4); that of Si3-evoked IPSC/Ps in Si3 was À46.4 ± 3.9 mV, ranging from À43.5 to À51.9 mV (n = 4); and that of Si3-evoked EPSC/Ps in Si2 was À6.3 ± 4.3 mV, ranging from À0.2 to À12.3 mV (n = 5). Again, such a large range of values may suggest that these synapses were all electrotonically distant from the somatic recording sites. Because of its technical difficulty, we did not attempt to obtain exact values for each experiment; we set V syn to À60 mV for Melibe Si3 synapses, 0 mV for Dendronotus Si3-to-Si2 synapses. Since the reversal potential of the Si2-evoked IPSP/C in both species showed more hyperpolarized levels than the Si3-evoked IPSP/C, V syn was set to À80 mV for Dendronotus Si2-to-Si1 and Si1-to-Si1 synapses. The instantaneous activation, S(t) is given by the differential equation: Dendronotus Si3 excitatory synapses, t syn was set to 40 ms to make the injected current more effective without injecting large amplitude currents that often became harmful and caused recording conditions to deteriorate. For other inhibitory synapses, t syn was fixed at 80 ms so that we could promptly perform dynamic clamping while retaining intracellular recording from multiple neurons. V pre is the presynaptic membrane potential of Si3 and V thresh is the threshold potential for the release of neurotransmitter, which was set to 50% of the amplitude of the smallest Si3 action potentials. Since all synaptic transmissions were spike-mediated, the synaptic slope parameter of the activation curve (V slope ) was unchanged from the default value (25 mV). g syn was varied from 40 to 200 nS for the Dendronotus Si3-to-Si2 synapse and 50 to 400 nS for other inhibitory synapses. For electrical synapses, the currents I es1 and I es2 to be injected into two neurons are calculated according to:
I es1 ðtÞ = g syn ½V es2 ðtÞ À V es1 ðtÞ; (eq. 4) and I es2 ðtÞ = À I es1 ðtÞ; (eq. 5)
where V es1 (t) and V es2 (t) are the membrane potential of the two cells. g syn was varied from 20 to 100 nS. Dynamic clamping was performed with the interval of more than 40 s with no defined order of conductance. Specimens were excluded from analysis when Si2 showed no alternating bursting with all conductance values examined.
QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical comparisons were performed using SigmaPlot ver. 12.5 (Jandel Scientific, San Rafael, CA) for one-way repeated-measures (RM) ANOVA ( Figures 3B and 3C , n = 16 animals; Figure 3D Missing data were due to the loss of intracellular recording from the neurons. p values are stated in the figure legends. In all tests, Shapiro-Wilk test was used to assume normality of data structure; it showed p > 0.05 in all statistical analyses in this study. Results are expressed as the mean ± SD in Figures 2C, 3B-3D, 4B-4D , 5B, 5C, 6B, 6C, 7B, 7C, 7F, and 7G.
The dose-response curves in Figure 2C were created with SigmaPlot with an equation:
(eq. 6) where x is the log dose and min is the minimum amplitude of the synaptic potentials normalized to the control value.
